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Abstract: Propolis, also known as bee-glue, is a resinous substance produced by honeybees from
materials collected from plants they visit. It contains mixtures of wax and bee enzymes and is used
by bees as a building material in their hives and by humans for different purposes in traditional
healthcare practices. Although the composition of propolis has been shown to depend on its ge-
ographic location, climatic zone, and local flora; two largely studied types of propolis: (i) New
Zealand and (ii) Brazilian green propolis have been shown to possess Caffeic Acid Phenethyl Ester
(CAPE) and Artepillin C (ARC) as the main bioactive constituents, respectively. We have earlier
reported that CAPE and ARC possess anticancer activities, mediated by abrogation of mortalin-p53
complex and reactivation of p53 tumor suppressor function. Like CAPE, Artepillin C (ARC) and the
supercritical extract of green propolis (GPSE) showed potent anticancer activity. In this study, we
recruited low doses of GPSE and ARC (that did not affect either cancer cell proliferation or migration)
to investigate their antistress potential using in vitro cell based assays. We report that both GPSE and
ARC have the capability to disaggregate metal- and heat-induced aggregated proteins. Metal-induced
aggregation of GFP was reduced by fourfold in GPSE- as well as ARC-treated cells. Similarly, whereas
heat-induced misfolding of luciferase protein showed 80% loss of activity, the cells treated with either
GPSE or ARC showed 60–80% recovery. Furthermore, we demonstrate their pro-hypoxia (marked
by the upregulation of HIF-1α) and neuro-differentiation (marked by differentiation morphology
and upregulation of expression of GFAP, β-tubulin III, and MAP2). Both GPSE and ARC also offered
significant protection against oxidative stress and, hence, may be useful in the treatment of old
age-related brain pathologies.

Keywords: Brazilian green propolis; supercritical extract; stress inhibition; pro-hypoxia; neurodifferentiation

1. Introduction

Propolis is a complex mixture of resinous material, produced by bees by mixing their
saliva with botanical sources they live on. It is an important structural component of
beehives and chemical weapon of bees. Its color varies from yellowish green to dark
brown, and odor from odorless to aromatic, and depends on its botanical source, origin
of place, and bee characteristics such as strain and age [1]. Besides the structural and
functional attributes of propolis for bees [2], it has been reported to possess a variety of
therapeutic potentials for human use [3–9] since ancient times. There are mainly two
kinds of propolis known that differ in their constituents: New Zealand propolis pos-
sesses CAPE (Caffeic Acid Phenethyl Ester) and Brazilian green propolis that possesses
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Artepillin C (3,5-diprenyl-4-hydroxycinnamic acid, ARC) as pre-dominant bioactive com-
pounds [10–12]. Besides these major bioactives, a large variety of constituents including
flavonoids, phenolic acids, esters, terpenoids, steroids, amino acids, and cinnamic acid
derivatives have been identified in propolis and are considered as popular pharmacological
research material [10,13]. Many studies have validated a broad spectrum of biological
activities in propolis. These include anti-bacterial [14], anti-viral [15], anti-fungal [16],
anti-inflammatory [17,18], and anti-tumor [19–24]. Most recently, propolis has also been
used in cosmetic products and functional food/supplements. Molecular studies on the
anticancer activity have revealed that the phenolic acid components of propolis including
CAPE and ARC possess multi-modal anticancer activities that works through pathways
including, mitochondrial stress [25], activation of tumor suppressor proteins [23,24,26],
anti-inflammation activity [17,18,27,28], and activation of DNA damage signaling [23,24,29].
CAPE and ARC have been reported to differ in their bioavailability profile. Whereas CAPE
has been shown to become degraded by secreted esterases [30], its complex with γCD
was protected and showed improved activity in in vitro and in vivo anti-tumor assays [23].
ARC, on the other hand, has been shown to suffer from extremely low absorption efficiency
and bioavailability [31]. Based on these aspects, propolis extracts with specific ingredients
have become popular [32,33].

We had earlier performed cDNA array of CAPE-treated human cancer cells and found
that the cytotoxicity of CAPE was mediated by activation of p53-GADD45 signaling. Bioin-
formatics and experimental evidence revealed that CAPE targets mortalin-p53 interactions,
resulting in nuclear translocation and reactivation of p53 function leading to growth arrest
in cancer cells [23]. Like CAPE, ARC also activated tumor suppressor activity in p53 by
abrogating its complex with mortalin [33]. Several studies have demonstrated the su-
percritical extraction that uses high pressure, low temperature, and allows reduction in
organic solvents as a preferred method of extraction for retaining sensitive natural bioactive
compounds [34,35]. Supercritical extracts have been shown to retain aroma as well as
bioactive profile that closely resembles the original source [36]. We had earlier prepared
the Green Propolis Supercritical Extract (GPSE) and its complex with γCD (GPSE-γCD). By
HPLC analysis, 0.5% GPSE was seen to contain ~9.6% ARC (equivalent to 16.6 µM). Cell
culture assays, used to compare the cytotoxicity of GPSE with respect to pure ARC, showed
anti-proliferation and anti-migration activities in 0.5% GPSE equivalent to ~500 µM of pure
ARC [33]. In the present study, we investigated a wide range of dose-response and found
that the low concentrations of GPSE (that lacked anti-proliferation and anti-migration
activities) possess antistress potential. We experimentally prove this hypothesis using a
variety of cell-based stress readouts including protein aggregation and misfolding, ox-
idative stress, and hypoxia. Furthermore, we discovered induction of pro-hypoxia and
neuro-differentiation activities in response to the treatment. Taken together, these data
predicted the potentials of ARC and GPSE in treatment and management of stress and old
age-related pathologies.

2. Materials and Methods
2.1. Preparation of Green Propolis Supercritical Extract (GPSE)

Supercritical CO2 extraction offers an economic and non-cytotoxic way of extract-
ing most natural compounds and, hence, is preferred over the organic solvent extrac-
tions. Green Propolis Supercritical Extract (GPSE) was prepared by conventional kneading
method as reported earlier [33]. The extract was dissolved in dimethyl sulfoxide (DMSO)
and kept on a shaker at room temperature for 2 h until it formed dark yellowish colored
homogeneous liquid. The mixture was centrifuged at 160,000× g at 18 ◦C for 15 min after
which the liquid supernatant was collected and again centrifuged. The clear supernatant
obtained was carefully transferred to a fresh Eppendorf tube and used for further exper-
iments. High-performance liquid chromatography (HPLC) using the Shimadzu HPLC
system (LC-2010C; Shimadzu Corp., Kyoto, Japan) revealed the presence of ARC (~10%)
along with other components of bee wax [33].
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2.2. Cell Lines and Transfection Reagents

A549 (lung carcinoma), SKOV3 (ovarian carcinoma), and U2OS (osteosarcoma) cell
lines were purchased from the Japanese Collection of Research Bioresources Cell Bank
(JCRB) (Osaka, Japan). C6 (rat glioma) was obtained from the Cell Resource Center for
Biomedical Research, Tohoku University, Sendai, Japan. All cells were cultured in DMEM
(Dulbecco’s Modified Eagle’s medium) supplemented with 5% fetal bovine serum at 37
◦C with 95% O2 and 5% CO2 in a humidified incubator. Lipofectamine 2000 (Invitrogen)
in Opti-MEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) media was used for
transfection. Hypoxia responsive cells were obtained by stable transfection of plasmid
encoding luciferase reporter driven by HIF-1α promoter as described earlier [37]. For
heat shock induced misfolding of protein, cells transfected with plasmid (pGL4) encoding
luciferase driven by a constitutive promoter were used [38]. For protein aggregation
assays, GFP protein was used as a model. Cells expressing mortalin-GFP protein were
generated by stable transfections of pEGFP-C1/mot-GFP plasmid. Sodium(meta)arsenite
(NaAsO2), used in an induction of protein aggregation, was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.3. Cell Proliferation (MTT and WST) Assays

U2OS, A549, and SKOV-3 cells (5000/well) were seeded in a 96-well plate. Next
day, treatment with different concentrations of GPSE extract were given for 48 h. DMSO
was used as a solvent control of which the volume was matched to the amount used for
respective GSPE- and ARC-treated cells in all the experiments. Cytotoxicity assay was
performed using 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
assay (Life Technologies/Thermo Fisher Scientific, Waltham, MA, USA) as described
earlier [23]. Briefly, viability of control and treated cells was evaluated based on their
metabolic activity as determined by the conversion of MTT (yellow) by the mitochondrial
NADH dehydrogenases of living cells into formazan (purple). The statistical significance
of the results was determined from three independent experiments including triplicate
sets in each experiment. For WST assay, cells were treated with different concentrations of
GPSE extract for 48 h followed by addition of premix WST-1 (Takara Bio Inc., Shiga, Japan).
Cell viability (based on their metabolic activity) was measured at 450 nm with a reference
wavelength at 630 nm.

2.4. Wound-Scratch Assay

U2OS, A549, and SKOV-3 cells (50,000/well) were seeded in a 6-well plate. Once they
reached about ~90% confluency and made a monolayer, wound scratches were made in the
middle of the well using a 200 µL tip. Each well was rinsed with PBS thrice to remove dead
and floating cells. Non-cytotoxic dose of GPSE extract was added in the culture medium.
The time of scratch was taken as 0 h. The scratched areas were photographed and measured
at 0, 24, and 48 h under a phase contrast microscope.

2.5. Protein Aggregation and Disaggregation Assays

GFP aggregation reporter—U2OS cells (50,000/well) stably transfected with GFP
plasmid were seeded on coverslips placed in 12-well plate and then allowed to settle
overnight. The cells were subjected to heavy metal stress by incubating with sodium
arsenite (20 µM) for 24 h, followed by washing with PBS and recovery in either GPSE- or
ARC-supplemented medium for 48 h. The cells were fixed in acetone:methanol (1:1) on
ice for 5 min, permeabilized with Triton-X in PBS (PBST) for 10 min followed by blocking
with 2% bovine serum albumin protein dissolved in PBST for 2 h followed by incubation
with Hoechst stain for 5 min. Cells were washed with PBST and Milli Q for 10 min each
and mounted with FA Mounting Fluid (Pullman, WA, USA) on cover slips. The slides
were viewed under a Zeiss Axioplan 2 microscope and images were taken using AxioCam
camera (Carl Zeiss, Oberkochen, Germany).
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2.6. Heat Induced Misfolding of Luciferase Reporter

U2OS cells (50,000/well) were seeded on coverslips, placed in a 6-well plate, and
allowed to settle overnight. The cells were transfected with pGL4-p53-3′UTR expressing
luciferase from a constitutive promoter as described earlier [38]. After 48 h, cells were
heat-stressed at 42◦C and 5% CO2 for 2 h, followed by recovery at 37◦C either in control
or drug-supplemented medium for the next 48 h. The cells were then lysed using passive
lysis buffer to check for luciferase activity using the luciferase assay system (Promega,
Madison, WI, USA, E1501) following the manufacturer’s protocol.

2.7. ROS Assay

U2OS cells (10,000/well) were plated in 12-well plate and allowed to settle overnight.
Next day, cells were stressed with H2O2 (0.5 or 1 mM) for 2 h to induce reactive oxygen
species followed by recovery in drug-supplemented medium for 24 h. Cells were then
stained for ROS detection using Image-IT LIVE green ROS detection kit (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s instructions.

2.8. JC-1 Staining

U2OS cells (50,000/well) were plated in a 12-well plate and allowed to settle overnight.
The following day, cells were exposed with H2O2 (0.5 or 1 mM) for 2 h for disruption of
mitochondrial membrane potential (∆Ψm) followed by recovery in drug-supplemented
medium for 24 h. Control and treated cells were then stained with JC-1 dye (Abcam,
Cambridge, UK; ab141387; 10 µg/mL), widely used as an indicator of mitochondrial
membrane potential. Cells were incubated in JC-1 dye at 37 ◦C in CO2 incubator for 30 min
as described earlier [39]. Cells were washed with PBS and immediately observed under
AxioCam camera (Carl Zeiss, Oberkochen, Germany).

2.9. Cell Differentiation

C6 cells (20,000/well) were plated in 6-well plate and allowed to settle overnight
followed by treatment with various stressors and recovery either in control or extract-
supplemented medium. Cells were observed, at 5- and 10-day intervals, under a phase
contrast microscope at 20×magnification and further processed for molecular analyses.

2.10. Western Blotting

Cells (200,000/well) were seeded in a 6-well plate and allowed to settle overnight.
Control and treated cells were harvested and lysed in RIPA buffer (FUJIFILM Wako
Pure Chemicals Corp., Osaka, Japan) containing complete protease inhibitor cocktail
(Roche Applied Science, Mannheim, Germany). The protein samples (20 µg) were sepa-
rated in SDS-polyacrylamide gels, and electro-blotted onto PVDF membranes (Millipore,
Burlington, MA, USA) using a semidry transfer blotter (Biometra, Tokyo, Japan). West-
ern blot was performed with antibodies against MMP2 (Santa Cruz Biotechnology Inc.,
Dallas, TX, USA (Santa Cruz), SC-10736), MMP3 (Santa Cruz, SC-80202), MMP9 (Santa
Cruz, SC-6840), hnRNP-K (Cell Signaling Technology, Inc. Danvers, MA, USA; #R332),
Vimentin (Santa Cruz, SC-6260), Luciferase (Santa Cruz, SC-57604), GFAP (Sigma-Aldrich,
St. Louis, MO, USA; G9269), NeuF-H (Cell Signaling Technology, Inc. Danvers, MA, USA;
#2836), NCAM (Santa Cruz, SC-10735), MAP2 (Cell Signaling Technology, Inc. Danvers,
MA, USA; #4542S), β-tubulin III (Abcam, Cambridge, UK; ab 18207), and HIF-1α (Abcam,
Cambridge, UK; ab 51608). The blots were blocked with 3% BSA/TBST for 2 h and incu-
bated with primary antibodies at 4 ◦C overnight. Next day, the blots were washed thrice
with TBST and incubated with horseradish peroxidase conjugated with goat anti-mouse
or anti-rabbit antibodies (Santa Cruz) and detected using ECL substrate (Amersham Phar-
macia Biotech/GE Healthcare, Piscataway, NJ, USA). The blots were further probed with
β-actin as an internal loading control. Protein expression was quantified using ImageJ
1.46 software (NIH, Bethesda, MD, USA).
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2.11. Immunostaining

Cells (50,000/well) were seeded on coverslips placed in 12-well dish. Once the cells
attached to the cover slips, they were treated with specific drugs for 48 h. The cells
were then fixed with acetone:methanol (1:1), permeabilized with 0.1% Triton X-100 for
10 min and blocked with 2% bovine serum albumin (BSA) for 2 h, followed by incuba-
tion with primary antibodies (overnight) against Nestin (Santa Cruz, SC-23927), GFAP
(Sigma-Aldrich, St. Louis, MO, USA; G9269), GAP43 (Santa Cruz, SC-33705), Vimentin
(Santa Cruz, SC-6260), NeuF-H (Cell Signaling Technology, Inc. Danvers, MA, USA,
2836), NCAM (Santa Cruz, SC-10735), and HIF-1α (Novus Biologicals, Littleton, CO, USA;
NB 100-479), washed with PBS-PBST-PBS for 10 min each. The cells were further in-
cubated with either Alexa-488 or Alexa-594 (A11034 or A11032, Molecular Probes, Eu-
gene, OR, USA) secondary fluorescent antibodies and counterstained with Hoechst 33258
(Sigma-Aldrich, St. Louis, MO, USA) before mounting. The slides were viewed under a
Zeiss Axioplan 2 microscope and images were taken using AxioCam camera (Carl Zeiss,
Oberkochen, Germany).

2.12. Statistical Analysis

All experiments were repeated for more than thrice. Statistical data from three or
more independent experiments were expressed as mean ± standard deviation. Unpaired
Student’s t-test (GraphPad Prism, online calculator) was performed to determine the
statistical significance between the control and experimental samples. Values of p > 0.05
(ns), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), and p ≤ 0.0001 (****) were considered
non-significant, statistically significant, very significant, highly significant, and extremely
significant, respectively.

3. Results
3.1. Low Doses of GPSE Are Non-cytotoxic

We investigated the concentration-dependent cytotoxicity of GPSE in three human
cancer (A549, SKOV3, and U2OS) cell lines. As shown in Figure 1A, whereas 0.25 and 0.50%
GPSE caused remarkable reduction in viability of all the three cell lines, low doses (0.001 to
0.10%) were non-cytotoxic. We confirmed these data by several independent experiments
using MTT and WST assays (Figure 1B,C). We speculated that the low non-toxic doses of
GPSE may possess anti-migration activity, useful for treating the metastatic phenotype
of cancer cells. Standard wound-scratch assay was used to determine the effect of low
non-cytotoxic concentrations (0.05 and 0.1%) of GPSE on the cell migration characteristics
in three cells lines. As shown in Figure 2A, neither of these two doses were seen to alter
migration characteristics in any of these cell lines. Furthermore, the key regulator of
migration did not show any change on the Western blots (Figure 2B). These data confirmed
that the low doses of GPSE neither affect proliferation nor migration characteristics of cells.
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Figure 1. GPSE, at a low dose, is non-cytotoxic to human cancer cells. Dose dependent cytotoxicity of
GPSE is shown. Effect of a wide range of GPSE concentrations (0.001 to 0.50%) showed cytotoxicity
at the 0.25% and 0.50% in all the three cell lines (A). The low concentrations (0.001 to 0.10%) were
confirmed to be non-cytotoxic by repeated MTT (B) as well as WST (C) assays. The quantified cell-
viability data represents mean ± SD obtained from three independent biological replicates; p-values
were calculated using unpaired Student’s t-test. * < 0.05, ** < 0.01, and *** < 0.001 represent significant,
very significant, and very very significant, respectively.

Figure 2. Low dose of GPSE did not affect the cell migration. Wound healing assay showing migration
of cells in the wounded area. By 48 h and as examined in three cell lines there was no effect of GPSE
(A). Western blotting of proteins (hnRNP-K, Vimentin, MMP2, MMP9, and MMP3) involved in cell
migration did not show any change in the expression level in control and treated cells (B). The
quantified data represents mean± SD obtained from three independent biological replicates; p-values
were calculated using unpaired Student’s t-test. * < 0.05, ** < 0.01, and *** < 0.001 represent significant,
very significant, and very very significant, respectively. ns = not significant.
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3.2. Non-Cytotoxic Doses of GPSE and Arc Inhibited Metal- and Heat-Induced Protein
Aggregation

Anticipating that the low non-cytotoxic doses of GPSE and its active ingredient (ARC)
may have antistress activity, we investigated their effect in metal-induced toxicity assays.
We performed protein aggregation-disaggregation assay on control, metal-stressed, and
ARC/GPSE-treated cells using GFP fluorescence as a reporter. U2OS cells stably transfected
with GFP plasmid showed GFP fluorescence under the microscope. Of note, NaAsO2-
treated cells showed aggregation of the GFP fluorescence (Figure 3A).

Figure 3. Low dose of GPSE protected human cells against metal stress. Cells stably transfected with
GFP plasmids showed diffuse green fluorescence in the cytoplasm. Cells subjected to metal stress
showed aggregation of GFP fluorescence, while the ones recovered in either GPSE- or ARC- supple-
mented medium showed recovery from aggregation (A). Heat-stressed cells showed 80% reduction in
luciferase reporter activity that was recovered by 20–30% following replacement with fresh medium.
Cells recovered in ARC- or GPSE-supplemented medium showed ~50 or 100% recovery in luciferase,
respectively (B). Western blotting of cells transfected with luciferase plasmid showed 62-kDa luciferase
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protein band. The level of expression of luciferase reduced by heat stress and showed recovery
when cells were cultured in ARC- or GPSE-supplemented medium (C). The quantified data repre-
sents mean ± SD obtained from three independent biological replicates; p-values were calculated
using unpaired Student’s t-test. *** < 0.001 represent significant, very significant, and very very
significant, respectively.

On the other hand, cells treated with ARC as well as GPSE showed diffused GFP
fluorescence. Visual quantitation of cells revealed 40% cells with aggregated protein in
response to NaAsO2 treatment. On the other hand, ARC- or GPSE-treated cells showed
only 3–5% cells with aggregated protein suggesting that both these treatments could cause
disaggregation of metal-induced aggregation of proteins (Figure 3A).

We also confirmed the above phenomenon by using heat induced misfolding/aggregation
of luciferase protein. Cells transfected with luciferase reporter were exposed to heat
stress followed by recovery either in control or ARC/GPSE-supplemented medium. As
shown in Figure 3B, heat-stressed and recovered (control medium) cells showed ~80% and
~60% reduction in luciferase activity, respectively. On the other hand, cells recovered in
ARC (25 µM)-supplemented medium showed 10–15% better recovery as compared to the
cells recovered in control medium. Of note, cells recovered in GPSE-supplemented medium
showed remarkably better (40% higher as compared to the control) recovery in luciferase
activity. The results were confirmed by several independent experiments and by Western
blotting of control, stressed and recovered cells (Figure 3C). Whereas a sharp reduction in
luciferase protein was observed in heat-stressed cells, ARC- and GPSE-treated cells showed
recovery in the luciferase protein. Taken together with the reporter assays, these data
showed GPSE-treated cells possessed higher level of expression of luciferase protein as
compared to the stressed-control as well as ARC treated cells.

3.3. Non-Cytotoxic Doses of GPSE and ARC Promoted Hypoxia and Differentiation Signaling

Protein aggregation is commonly associated with hypoxia and age-related brain
pathologies. In this context, we next examined if GPSE and ARC could upregulate hypoxia
signaling at the molecular level. We used luciferase reporter assay driven by hypoxia
inducible factor (HIF-1α). As shown in Figure 4A, U2OS cells treated with GPSE showed
increase in HIF-1α driven luciferase activity. Furthermore, both Western blotting and
immunostaining of control and treated cells with HIF-1α specific antibody showed upreg-
ulation of endogenous HIF1-α expression (Figure 4B,C). Of note, GPSE caused stronger
upregulation as compared to ARC. Considering the above findings, we hypothesized that
the induction of hypoxia signaling may be useful for treatment of pathologies in which
hypoxia and protein aggregation play a major role.

In this context, we next used brain-derived cells to examine the effect of GPSE and
ARC on their differentiation properties. C6 glioma cells exposed to GPSE, and ARC for
5–10 days showed progressive increase in the number of differentiated cells with astrocytic
morphology (Figure 5A). Western blotting and immunostaining showed increase in molec-
ular markers (GFAP, NeuF-H, β-tubulin-III, MAP2, Nestin, and GAP43) that confirmed the
differentiation of glioma to astrocytes (Figure 5B,C). Consistent with the stronger induc-
tion of differentiation morphology, most of the molecular markers showed higher level of
expression in GPSE-treated cells as compared to the control and ARC-treated cells.
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Figure 4. Low dose of GPSE caused activation of hypoxia signaling. Cells stably transfected with
HIF-1α driven luciferase were treated with either ARC or GPSE. While ARC-treated cells did not
show any change, GPSE-treated cells showed activation of hypoxia signaling (A). Western blotting
of control and treated cells showed upregulation of endogenous HIF-1α in ARC and GPSE-treated
cells (B). Immunostaining of control and treated cells showed upregulation of HIF-1α in ARC- and
GPSE-treated cells. CoCl2 was used as a positive control for chemical induction of hypoxia (C). The
quantified data represents mean± SD obtained from three independent biological replicates; p-values
were calculated using unpaired Student’s t-test. * < 0.05, ** < 0.01, and *** < 0.001 represent significant,
very significant, and very very significant, respectively. ns = not significant.
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Figure 5. Low dose of GPSE caused astrocytic differentiation: C6 cells treated with ARC or GPSE
showed astrocytic morphology (A). Western blotting of control and treated cells showed increase
in proteins involved in differentiation. Quantitation of the proteins from three independent exper-
iments is shown on the right (B). Immunostaining showed upregulation of proteins involved in
C6-differentiation (C). The quantified data represents mean ± SD obtained from three independent
biological replicates; p-values were calculated using unpaired Student’s t-test. * < 0.05, ** < 0.01, and
*** < 0.001 represent significant, very significant, and very very significant, respectively.
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3.4. Non-Cytotoxic Doses of GPSE and ARC Have Potential to Protect against Oxidative Stress

Since upregulation of reactive oxygen species (ROS) is tightly associated with oxida-
tive stress and molecular damage that mark old age-related pathologies, we examined
the level of ROS in control and treated cells. As shown in Figure 6A,B, cells exposed to
H2O2 showed 15–20% increase in ROS. Of note, recovery of cells either in ARC- or GPSE-
supplemented culture medium caused reduction in ROS level. We also performed JC-1
staining to determine the mitochondrial membrane potential in control and treated cells.
As shown in Figure 6C,D, control cells showed red staining indicative of JC-1 polymers and
high mitochondrial membrane potential. Oxidatively-stressed cells showed decrease in red
and increase in green staining indicative of low mitochondrial membrane potential and JC-1
monomers. On the other hand, cells treated with either ARC or GPSE showed remarkable
increase in JC-1-red staining. These data suggested that GPSE and ARC possess strong
antioxidative potential and contribute to maintain mitochondria membrane potential, an
essential component in the process of energy storage during oxidative phosphorylation and
hence determines the mitochondrial and cell health. Based on these data that showed pro-
tective effect of ARC and GPSE on oxidative state of cells, they were predicted to be helpful
in the management of a variety of old-age related pathologies, driven by oxidative stress.

Figure 6. Low dose of GPSE protected the cells against oxidative stress: Control and treated cells
subjected to ROS and JC-1 staining assays showed increased in ROS with H2O2-induced oxidative
stress and its remarkable decrease in ARC- and GPSE-treated cells (A,B). JC-1 staining as examined by
JC-1 dye (ab141387) showed loss of mitochondrial potential, as indicated by decrease in red staining,
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in cells subjected to oxidative stress by H2O2. ARC and GPSE caused protection against oxidative
stress-induced loss of mitochondrial membrane potential (C,D). The quantified data represents
mean ± SD obtained from three independent biological replicates; p-values were calculated us-
ing unpaired Student’s t-test. *** < 0.001 represent significant, very significant, and very very
significant, respectively.

4. Discussion

Oxidative stress is an inevitable outcome of oxidative metabolism that yields energy
and is mandatory life-driving force. It is often quantitated as the level of ROS and offers
a convenient assay to access antistress potential of natural and synthetic compounds.
ROS homeostasis is achieved as a result of activities of several enzymes and natural
antioxidants [40], and their imbalance has been connected to macromolecular damage
leading to a variety of chronic illnesses including neurodegenerative disorders, metabolic
disorder, and cancer [41–43]. Various kinds of traditional home medicine components
have been shown to inhibit ROS production and impart protective role against neuronal
injury [44,45]. In carbon tetrachloride (CCl4)-induced liver fibrosis mice model, mice treated
with CCl4 showed collagen deposition in liver, and pathological alterations in spleen and
lymph node. Furthermore, secondary lymphoid organs showed a significant increase in the
circulation of T and B cells as well as intracellular levels of TGF-β, Nrf2, COX-2, eNOS, ROS,
NO, and proinflammatory cytokines. Propolis treatment caused substantial suppression of
liver collagen deposition, inflammatory signaling cascades suggesting its benefits against
fibrotic complications and cancer [46]. Cancer chemotherapy has been shown to induce
cognitive dysfunction by induction of oxidative stress and neuroinflammation. In the mice
model of Chemo brain that shows cancer related cognitive impairment, effect of CAPE
(pro-oxidant in cancer cells, but a potent antioxidant and cytoprotective in normal cells)
was investigated. Learning and memory functions as determined by Morris water maze
and passive avoidance tests showed that whereas chemotherapeutic drug (Doxorubicin)
caused significant increase in oxidative stress, neuroinflammation, and impairment in
learning and memory, co-treatment with CAPE counteracted Doxorubicin-induced such
behavioral and molecular abnormalities in rat brain tissues [47]. Furthermore, CAPE was
shown to suppress the growth of melanoma (most serious skin cancers that often show drug
resistance and high metastatic ability) cells by induction of oxidative stress. Electroporation
of melanoma cells with CAPE was suggested as an efficient delivery system [48]. In line
with these reports, we found that like CAPE, whereas high doses of ARC offer anticancer
activity [33], low doses possess antistress (oxidative, metal, and hypoxia) activity.

To enhance the efficacy of bioactive substances in propolis extracts, several studies
have reported extraction protocols using a variety of solvents. Spanidi et al. [49] have
reported a new controlled release system for propolis polyphenols. The antioxidant,
antimutagenic and anti-aging properties of the system were investigated under normal
and UVB-induced oxidative stress conditions in cultured skin cells and reconstituted skin
model. It was shown that the system possesses high polyphenol encapsulation efficiency,
physicochemical stability as well as controlled release rate in appropriate conditions. We
had earlier reported that the CAPE-γCD complex possessed higher stability and anticancer
activity in in vitro and in vivo assays [23,47,50]. Mortalin-targeting CAPE nanoparticles
(CAPE-MotAb), generated to enhance the specific targeting of CAPE to cancer cells, caused
stronger cytotoxicity and anti-migratory activity in cancer cells [19]. We earlier reported pro-
hypoxia and antistress activities in the low doses of CAPE [37] that were also attributed to
its potent neurodifferentiation activity in in vitro and in vivo mouse model [42]. Similarly,
ARC has been reported to prevent dose-dependent oxidative damage, and cause inhibition
of lipid peroxidation by 16% (as evaluated with thiobarbituric acid reactive substances)
and by 36% (as evaluated with the formation of 8-hydroxy-2′-deoxyguanosine in DNA).
Based on these data, ARC has been considered as a bioavailable antioxidant [51]. In
another study, supercritical extract of Brazilian green propolis was shown to be more
effective than the pure ingredient, ARC [33]. Oxidative stress and synapse dysfunction
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are the major neurodegenerative damage correlated to cognitive impairment in old age-
related pathologies including Alzheimer’s disease (AD). Ni et al. [52] reported beneficial
effects of Brazilian green propolis against neurodegenerative damage. These included
improvement in cognitive functions of patients with mild cognitive impairment at high
altitude. Using human neuroblastoma cells as a model, they attributed the effects to anti-
oxidative properties of propolis, expression of brain-derived neurotrophic factor (BDNF),
and activity-regulated cytoskeleton-associated protein (Arc), as being the critical factors
of synapse efficacy. Similarly, Park et al. [53] reported an increase in viability of ischemic
retinal ganglion cells (RGCs) treated with Brazilian green propolis. It was also shown to
protect against RGC loss in ischemic retina. The mechanism of protection involved increase
in HIF-1α, GFAP and histone acetylation. On the other hand, downregulation of apoptotic
stimuli, and suppression of NF-kappaB-mediated inflammatory signaling was recorded. In
continuation with these studies, we report here that the low concentrations of supercritical
extract of green propolis (GPSE) and ARC possess beneficial antistress activities that may be
useful for prevention and therapy of a variety of stress-related diseases, and hence warrant
further experimental and clinical attention.

5. Conclusions

By a variety of cell-based assays, we demonstrate that the low non-cytotoxic doses of
supercritical extract of Brazilian green propolis and Artepillin C possess antistress poten-
tials. They offered protection against oxidative, protein aggregation, and hypoxia stresses.
Furthermore, they promoted differentiation of brain-derived cells. The data suggested
that the extract and the Artepillin C could be useful in treating protein aggregation- and
hypoxia-related disorders, commonly associated with old age-related pathologies.

Supplementary Materials: The following supporting information can be downloaded. Uncropped
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Western blot of protein of interest (Vimentin) in three cell lines A549, SKOV3, U2OS and its respective
β-actin expression presented in Figure 2B; Figure S3: Western blot of protein of interest (MMP2) in
three cell lines A549, SKOV3, U2OS and its respective β-actin expression presented in Figure 2B;
Figure S4: Western blot of protein of interest (MMP3) in three cell lines A549, SKOV3, U2OS and its
respective β-actin expression presented in Figure 2B; Figure S5: Western blot of protein of interest
(MMP9) in three cell lines A549, SKOV3, U2OS and its respective β-actin expression presented
in Figure 2B; Figure S6: Western blot of protein of interest (Luciferase) and its respective β-actin
expression presented in Figure 3C; Figure S7: Western blot of protein of interest (HIF-1α) and its
respective β-actin expression presented in Figure 4B; Figure S8: Western blot of proteins of interest
(GFAP and NeuF-H) and their respective β-actin expression presented in Figure 5B; Figure S9:
Western blot of proteins of interest (NCAM and β tubulin) and their respective β-actin expression
presented in Figure 5B; Figure S10: Western blot of protein of interest (MAP2) and its respective
β-actin expression presented in Figure 5B.
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